Strontium is an important contaminant radionuclide at many former nuclear sites. This paper investigates the effect of changing pH and ionic strength on the sorption of Sr to a range of common soil minerals. Specifically it focuses on the sorption of Sr onto illite, chlorite, goethite, and a mixed sediment. The interplay between ionic strength and pH was determined by varying the background ionic strength of the system using both NaCl (for a constant pH) and NaOH (to also vary pH). Under conditions of moderate pH, Sr sorption decreased with increasing ionic strength, due to competition between the Na and Sr atoms for the outersphere complexes. However, where increasing ionic strength was accompanied by increasing pH, Sr sorption remained high. This suggested that Sr was sorbed to the minerals without competition from background Na ions. Extended X-ray absorption fine structure (EXAFS) spectra confirmed that at highly alkaline pH (>12.5) Sr was forming inner-sphere complexes on the surfaces of all minerals. This specific adsorption of the Sr (as SrOH + ) explains why it was still adsorbed to the minerals under very high ionic strength conditions and was not outcompeted by Na.
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

Introduction
The widespread use of nuclear power over roughly the last 50 years has left a large volume of radioactive nuclear waste. This waste is present in many forms, both solid and liquid, and contains a wide range of both actinides (e.g., 238 U, 240 Pu) and fission products (e.g., 90 Sr, 137 Cs, 99 Tc). This study focuses specifically on 90 Sr which is produced in high yield by nuclear fission and is present in large concentrations in nuclear waste. With a half-life of 29 years, 90 Sr is classified as a medium-lived radionuclide and decays via -emission to 90 Y, which is also a high energy beta emitter. Historic leaks and authorized discharge from nuclear facilities have released 90 Sr (and other radionuclides) into the geosphere. This poses a potential risk to the environment and to human health. Therefore, it is essential to understand and be able to predict the behavior of Sr in the terrestrial environment. Under normal environmental conditions 90 Sr is present as the aqueous Sr 2+ cation. The mobility of Sr 2+ in the environment is chiefly controlled by sorption to the charged surfaces of minerals. Sorption of Sr 2+ to common mineral phases in soils under moderate environmental conditions (low ionic strength, pH 4-10) is well understood. Under these conditions, Sr primarily sorbs to those minerals with large surface area and cation exchange capacity, chiefly clays and iron oxides.(1-4) Sorption is known to occur at circumneutral pH though charge compensating cation exchange with the Sr 2+ cation exchanging with other mono-and divalent cations in outer-sphere surface complexes. (3, (5) (6) (7) (8) (9) This outer-sphere sorption occurs in competition with other mono and divalent cations and is therefore strongly controlled by the ionic strength (IS) of the solution phase.(10, 11) Strontium sorption is significantly reduced in high ionic strength solutions as the other ions present (such as Na + ) out-compete Sr 2+ for the sorption sites.(12) Due to use of alkaline liquors in waste treatments (such as at Hanford and Sellafield) significant quantities of the Sr bearing wastes have a hyper-alkaline pH and a high ionic strength. (13, 14) Additionally, the use of cementitious materials is widely proposed in geological disposal facilities (both for waste encapsulation and as a backfill).(15) The longterm interaction of groundwater with cement is known to lead to the development of high pH, high ionic strength plumes, rich in Ca. It is therefore also important to understand the sorption of Sr, and other alkali-earths, under these hyperalkaline conditions. It is well established that the long-term interaction of high pH solutions with silicate minerals leads to their dissolution and reprecipitation as neoformed zeolite phases and calcium-silicatehydrates. (16) (17) (18) (19) (20) Strontium readily incorporates into these phases, leading to its long-term immobilization. (21, 22) These transformation and incorporation reactions take long time periods under surface pressure and temperature conditions.(23) However, Wallace et al.(24) observed that Sr sorption is also enhanced in high pH solutions over the short term, before these new phases can form. They observed that Sr sorption at high pH was unaffected by cationic competition at high ionic strength and proposed that this was due to formation of an inner-sphere surface complex. The formation of a Sr-Fe inner-sphere complex on goethite at pH 10 was also previously observed by Collins et al.(25) In both of these cases, the authors were able to determine this transition from outer-sphere to inner-sphere surface complexation using EXAFS. This confirms the utility of this technique for identifying the nature of the Sr sorption complex at the molecular scale. This paper builds on these discoveries to fully determine the sorption mechanism accounting for enhanced Sr sorption at high pH over the short-term. Here the sorption of Sr to illite, goethite and chlorite was investigated across a range of pH and ionic strength conditions. The experiments were run for 48 h to allow sorption equilibration but to minimize any mineral alteration. As zeolite formation is known to take many months,(23) this short time period ensured that the results from this study were limited to sorption processes rather than incorporation. The study aimed to determine whether Sr forms inner-sphere complexes on mineral surfaces, and at which pH this transition from outer-sphere to inner-sphere adsorption occurred. A mechanistic explanation for the complexation process and its implications for the behavior of other alkali-earths is then offered. (26) A sample of chlorite (clinochlore) was purchased from Ward's Natural Science Establishment. This has the general formula (Mg, Fe)5Al(Si3Al)O10(OH)8 and a CEC of 3.8 mequiv 100 g -1 .(27) Goethite was synthesized in the lab following the method of Schwertmann and Cornell(28) and has the general formula FeO(OH). The purity of the minerals was confirmed by XRD ( Figure S1 ). The sediment was collected in August 2009 from the Calder Valley, Cumbria. It is mineralogical composition was previously determined by Wallace et al.(29) and Law et al.(30) and is known to contain illite, chlorite, and iron oxides and has a CEC of 8.2 mequiv 100 g -1 . (29) All materials were crushed to <63 m (verified by sieving). To remove any carbonate present the samples were washed in 0.001 mol L -1 HCl for 2 h on a rotary shaking table in beakers open to the atmosphere (to allow evacuation of CO2). Solid solution separation was achieved by centrifugation at 6000g for 5 min. The supernatant was then discarded and the solids rinsed three times with deionized water (repeating the centrifugation procedure each time). Finally, the samples were oven-dried at 40 °C until excess water had evaporated. 2.2Batch Sorption Reactions As Sr is known to readily precipitate as SrCO3 at high pH, great care was taken to exclude carbonate from the system. Solutions of degassed (CO2 and O2 free) NaCl and NaOH at concentrations ranging from 10 -5 to 1 mol L -1 were prepared in glass Schott bottles. For this, deionized water was degassed for 30 min L -1 by bubbling with N2 while constantly stirring at 90 °C on a hot plate. Following the initial degassing period, the relevant mass of NaOH or NaCl was added to the deionized water while degassing continued. Additionally, 2.5 × 10 -4 mol L -1 Ca (as CaCl2·2H2O) was added to all solutions to precipitate any carbonate which was not removed as CO2 by the degassing procedure. The solutions were then degassed for another 30 min L -1 before being transferred to a coy cabinet anaerobic chamber (with CO2 concentrations <40 ppm). Both a 0.05 mol L -1 and a 0.02 mol L -1 solution of Sr (as SrCl2·6H2O) were also prepared by the same degassing procedure but Ca was not added. All sample handling was then performed inside the anaerobic chamber. The minerals were suspended in NaOH and NaCl at a solid solution ratio of 0.8 g 35 mL -1 in 40 mL Oak Ridge centrifuge tubes. Solutions were filtered through a 0.45 m filter before addition to the solids. This was to ensure removal of any CaCO3 which may have precipitated during the solution preparation. Although the assumption was made at this stage that the majority of the Ca was removed as CaCO3 by filtration a small fraction may have remained present in the solutions leading to a slight elevation of the total ionic strength (IS) compared to the Na concentration. The samples were then spiked with a hundred fold dilution of the 0.02 mol L 

Materials and Methods
2.1Materials Preparation
2.3EXAFS Spectra Collection
The frozen samples were transported to the synchrotron in a N2 purged airtight Kilner jar to minimize any CO2 ingress and with ice packs to prevent defrosting. During the beam time, all samples were stored in a freezer and defrosted as needed prior to sample preparation. Before mounting the samples the tubes were defrosted, centrifuged and the supernatant was decanted. Supernatant pH was determined using a glass bulb electrode calibrated to pH 7 and 10 and 12 with standard calibration solutions. The solutions were then refrozen to minimize CO2 ingress prior to analysis. The wet paste was then mounted in a Perspex sample holder and sealed with Kapton tape windows. The sample was then immediately frozen by immersion in liquid nitrogen. To minimize exposure to atmospheric CO2 during mounting the material was kept under a constant flow of N2 until it was frozen. The Sr EXAFS data presented here were gathered from three distinct beamline sessions. Spectral data for the chlorite samples with 10 -5 , 10 -2 , and 10 -1 mol L -1 NaOH and the sediment exposed to 10 -1 mol L -1 NaOH were gathered at beamline B18 at the Diamond Light Source. Here the incident beam has a typical operating voltage of 3 GeV and a current of 300 mA. The X-rays at B18 are generated from a bending magnet source. The beam is vertically collimated by a Si mirror before passing through a double crystal Si monochromator. It was then focused onto the sample to give a spot size of 200 × 250 m. The Sr K edge (16105 keV) EXAFS spectra were gathered from fluorescence X-rays using a 9 element Ge solid state detector. The sample was held at 80 K in a liquid nitrogen cryostat during data collection to improve the signal-to-noise ratio. The EXAFS data for samples of chlorite, goethite, sediment and illite in a 1 mol L -1 NaOH background and the chlorite sample in 10 -5 mol L -1 NaOH were gathered at the Dutch Belgian Beamline (DUBBLE) at the European Synchrotron Radiation Facility (ESRF). This has an incident beam voltage of 6.04 GeV and a current of 200 mA. DUBBLE uses a bending magnet source which is vertically collimated by a Si mirror. The correct beam energy is then selected using a double crystal Si monochromator. The final incident beam has a spot size of 400 × 350 m. Again at the ESRF a 9 element Ge detector was used to gather Sr K-edge fluorescence spectra. Data collection was also performed at 80 K in a liquid nitrogen cooled cryostat. Finally Sr K-edge EXAFS data from samples of illite in 10 -3 and 10 -1 mol L NaOH and Goethite in 10 -5 , 10
-3
and 10 -1 mol L NaOH were gathered at beamline I20 at the Diamond light source. Here the X-ray source is derived from a wiggler insertion device. The energy of the collimated beam is then selected by a unique 4 crystal monochromator which yields beam with very high energy stability. The monochromated beam is then focused to give a final spot size of 400 × 350 m. Sr K-edge fluorescence spectra were gathered using a 64 element solid state Ge detector and samples were held in a liquid nitrogen cryostat at 80 K.
2.4EXAFS Data Analysis and Fitting
Multiple XAS scans from each sample were summed and averaged using Athena v 0.8.056(31) to maximize the signal/noise ratio. The background subtraction of the Sr EXAFS was then performed using PySpline v1.1. (32) The EXAFS spectra were then fitted in k-space using DLexcurv v1.0(33) following full curved wave theory.(34) Ab initio calculations of the phaseshifts were performed using the Hedin-Lundqvist potentials and assuming the von Barth ground states for all atoms. (35) Shell-by-shell fitting was then performed by estimating initial parameters for shells of backscattering atoms and then interactively refining these parameters. Specifically, fits were determined by refining number of atoms (±25%), interatomic distances (±0.02 Å in the first shell and ±0.05 Å in subsequent shells), Fermi energy, and Debye-Waller factor (2 2 , ± 25%). This procedure was performed initially with a single shell and subsequent shells of surrounding atoms were then added. Additional shells were then accepted where they improved the overall fit quality by greater than 5% (determined by reduction of the least squared residual, R-factor).
2.5ICP-OES
The concentration of Sr sorbed to the solid phase was determined as initial [Sr] aq -final [Sr]aq. The final concentration of Sr in solution after the 48 h sorption period was determined by ICP-OES. The frozen solutions were defrosted in the anaerobic chamber and diluted into 10% HNO3 to acidify them. Dilution was necessary due to the high ionic strength of the background Na electrolyte. The concentration of Sr in the diluted solutions was then measured and the final aqueous concentration in the sample calculated. 2.6Solution Speciation Modeling Speciation of the alkali earth ions as a function of pH was modeled using PHREEQC.(36) In all cases, a simple model was used with 45 ppm of the relevant element (Ca, Sr, Ba, Ra) at a pH range of 9-14. No other solid or solution phases were included. The activity of the different species was then determined using the Debye-Hückel equation. For Ca, Sr, and Ba the modeling was performed using the PHREEQC thermodynamic database. However, no thermodynamic data for Ra is provided in this database so Ra modeling was performed using the HATCHES18 database.(37) 
Results
3.1Solution Figure 1 shows the total sorption of Sr onto the 4 minerals (a, illite; b, chlorite; c, goethite; d, sediment) after equilibration for 48 h. In all cases, the square data points show sorption of Sr from a background of NaCl and circles show sorption of Sr from a background of NaOH. Data is presented in terms of percentage sorption with increasing Na concentration. The average pH of the NaCl system (with all minerals, not sediment) was pH 9.1 ± 0.2. The pH varied greatly with changing NaOH concentration; in this case, the pH of each point is annotated on the figure. In all mineral systems increasing ionic strength of NaCl caused a decrease in percent sorption of strontium onto the surface. However, the results for sorption in the NaOH system are very different. Here there was no trend toward decreasing Sr sorption with increasing ionic strength. In fact the opposite appears to be true with greater Sr sorption percentages at high NaOH ionic strengths than at lower. However, it should be noted that residual concentrations of Ca present in the low IS NaOH systems (10 -5 and 10 -4 mol L -1 ) may have raised the total IS of the system and led to suppressed Sr sorption percentages. The minor decrease in Sr sorption in the 1 mol L -1 systems may reflect the saturation of the minerals reactive sites, as the total IS of the system is above the reported CEC (see Materials and Methods). of Na concentration in a background of NaCl (squares) and NaOH (circles). The pH of the NaOH systems is annotated to clearly show the increase in pH with increasing concentration. All data points represent the average of a triplicate sample. Error bars are not shown where they were smaller than the symbol used.
In the illite system ( Figure 1a ) near total sorption of the Sr is seen in both the NaCl and NaOH system up to a total ionic strength of 10 -3 mol L -1 . However, above this the effect of pH on Sr sorption is clear. In the NaCl system, the pH remained constant around 9.3 ± 0.07. Here the increasing ionic strength caused a large reduction in total Sr sorption from 90 ± 0.1% at 10 -3 mol L -1 to 77 ± 0.4% at 10 -2 mol L -1 and 39 ± 0.4% at 10 -1 mol L -1 NaCl.
Comparatively, in the NaOH system, the pH greatly increased with increasing NaOH concentration and the sorption of Sr remained high. Specifically, 94 ± 0.1% of the Sr sorbed to the mineral in 10 -1 mol L -1 NaOH (pH 13). This is much more (40% greater sorption) than in the NaCl background at the same overall ionic strength. Even in the 1 mol L -1 NaOH system 80% of the Sr was sorbed to the illite. The chlorite system showed more complex sorption behavior (Figure 1b) . Here significantly more Sr was sorbed to the sediment in the NaOH system than in the NaCl system above an ionic strength of 10 -4 mol L -1 . In the NaCl system the Sr sorption was reduced to 40 ± 1.1%
at 10 -2 mol L -1 and to 16 ± 0.8% at 10 -1 mol L -1 NaCl. The pH in the NaCl system was constant at 9.1 ± 0.1. Comparatively in the NaOH system the pH increased greatly with increasing ionic strength, and Sr sorption remained high. At 10 -3 mol L -1 NaOH (pH 10.7) 80 ± 0.3% of the Sr was sorbed to the sediment compared to 51 ± 0.3% at 10 -5 mol L -1 NaOH (pH 9.3). This high Sr sorption was apparent even at 10 -1 mol L -1 (pH 12.9) NaOH where 62 ± 0.9% of the Sr was sorbed. This is much greater than the Sr sorption from the same ionic strength solution at pH 9.2 (NaCl background). The sorption of Sr at 1 mol L -1 NaOH (pH 13.7) was even greater than at 10 -1 mol L -1 , namely, 75%.
In the goethite system (Figure 1c ), around 80% of the Sr was sorbed from the NaCl solutions up to and including 10 -2 mol L -1 . The sorption of Sr decreased to 56 ± 2.4% in a 10
NaCl background. The average pH of the goethite NaCl system was 9.0 ± 0.32 across the concentration range. Comparatively the pH of the NaOH system greatly increased with increasing Na concentration. Here the percentage of Sr sorbed to the sediment remained constant at 98.8 ± 1.7% between 10 -3 mol L -1 (pH 9.5) and 10 -1 mol L -1 NaOH (pH 12.6).
This was much greater than in the comparative concentration of NaCl at pH 9. The total sorption of Sr decreased slightly at 1 mol L -1 NaOH (pH 13.6) to 81%.
The sediment system showed a significant pH buffering effect. Here it was found that all solutions with <10 -3 mol L -1 of NaOH buffered down to below pH 6.0. Wallace et al.(29) found that below pH 6.0 Sr sorption to the sediment was rapidly reduced. Therefore, any reported sorption data from below this pH sorption edge is likely to be affected by pH as well as ionic strength. The Sr sorption data to the sediment reported in Figure 1d was collected at pH 4.8 ± 0.3. Here the maximum Sr sorption percentage was 26% at 10 -4 mol L -1 NaCl. This reduced concentration is likely due to the low pH rather than ionic strength. This was confirmed by comparison to results from experiments using pH 6.5 ± 0.5 buffered sediments ( Figure S2 (26)) where >90% Sr sorption occurred at Na concentrations up to 10 -2 mol L -1 .
However, the effect of ionic strength was still evident with total Sr sorption reducing to 12 ± 1.1% at 1 mol L -1 NaCl. Sorption the NaOH system was much greater and was unaffected by solution ionic strength. Here again the pH of the system greatly increased as the concentration of NaOH increased. At 10 -3 mol L -1 NaOH (pH 6.1), 80% of the Sr was sorbed to the sediment. This increased to 89 ± 0.2% at 10 -2 mol L -1 NaOH (pH 11.6) but decreased to 60% at 10 -1 mol L -1 NaOH. The total Sr sorption however then increased back to 80% at 1 mol L -1 NaOH (pH 13.8).
3.2EXAFS EXAFS spectra were gathered for the illite system from samples exposed to a NaOH background at 10 -5 mol L -1 (pH 8.9), 10 -3 mol L -1 (pH 9.2), 10 -1 mol L (pH 13), and 1 mol L -1 (pH 13.7). The resulting spectra and their Fourier transforms are shown in Figure 2 , where the dotted line represents the best shell by shell fit. The fit parameters are then shown in Table 1 . The spectrum collected from the sample equilibrated in 10 -5 mol L -1 NaOH (pH 8.9) was best fit by a single oxygen shell at 2.6 Å (Figure 2a ). Again the spectrum from the 10 -3 mol L -1 NaOH background (pH 9.2) sample was best fit with a single O shell at 2.6 Å ( Figure 2b ). The 10 -1 mol L NaOH background (pH 13) sample was also best fit with a single O shell, again at 2.6 Å (Figure 2c ). In this case, an attempt was made to fit a Si/Al shell at 3.4 Å. This yielded a minor improvement in the fit, suggesting that a small portion of the Sr may be in a closer sorption environment. Note that it is not possible to differentiate between Si and Al backscatters in EXAFS. As both are present in the structure at this distance the shell is referred to as having either atom present (though Si was included in excurv in all cases). Finally shell by shell fitting was performed for the 1 mol L -1 NaOH background system (pH 13.7). Here the Sr-O interatomic distances and coordination numbers were refined to 2.7 Å, and 12, respectively, then fixed to these values. The fit was then greatly improved by the addition of a Si/Al shell of 12 atoms at 3.4 Å. Finally, the peak at 5 Å was initially fit with Sr as the coordinating atom. However, this failed to resolve satisfactorily and the fit statistics suggested a poor fit. Therefore, the possibility of a Sr precipitate at the edge of the illite was rejected. Due to this lack of precipitate formation the Sr was most likely sorbing into the illite interlayer, where the dominant interlayer cation would be K. Therefore, a shell of 6 K atoms at 5 Å was added and the number and identity of atoms in each shell was then fixed (based on the crystallographic structure of the interlayer). The shell filling was then improved be refinement of the Debye-Waller factor alone. In this case a best fit was given by an O shell at 2.7 Å, a Si/Al shell at 3.4 Å and a K shell at 5.0 Å (Table 1 and .038 0.014 a n, shell occupancy (±25%); r, interatomic distance (±0.02 Å for first shell and ±0.05 Å for subsequent shells); 2 2 , Debye-Waller factor (±25%); R, least squared residual. Final accepted (and plotted) fits are marked with an asterisk (*).
Sr K-edge EXAFS spectra were gathered from the chlorite system at four different concentrations of NaOH. Specifically, these were 10 -5 mol L -1 (pH 9.0), 10 -3 mol L -1 (pH 10.7), 10 -1 mol L -1 (pH 12.9), and 1 mol L -1 (pH 13.8) NaOH background. Figure 3 shows the background subtracted EXAFS and their accompanying Fourier transforms. Here the solid lines represent the recorded data and the dotted lines are the best fits discovered from shell by shell fitting. The accompanying fit parameters for the chlorite system are shown in Table 2 . The EXAFS spectrum for Sr sorbed to chlorite from the 10 -5 mol L -1 NaOH system (pH 9.0) was best fitted with a single oxygen shell at 2.6 Å (Figure 3a) . Again, in the 10 -3 mol L -1 NaOH background, the Sr EXAFS spectrum was best fitted with a single oxygen shell at 2.6 Å (Figure 3b ). For the 10 -1 mol L -1 NaOH background system (pH 12.9), a single oxygen shell failed to provide the best fit to the recorded spectrum (see Table 2 ). The fit was significantly improved by adding an additional Si/Al shell at 3.8 Å, and this is shown in Figure 3d . Finally, in the 1 mol L -1 (pH 13.8) NaOH background, the spectrum was fit with the same two-shell model as the pH 12.9 sample. In this case, the addition of a Si/Al shell at 3.8 Å gave minimal improvement in the overall quality of the fit (Table 2 ). However, there was a trend within the sample for increasing shell number with increasing pH. This correlates with the formation of an inner sphere complex and selective sorption at high pH (see Figure  1b) . Therefore, it is consistent with other results from the chlorite system for Sr to fit with two shells at this pH. For goethite, as with the previous minerals, representative samples were selected from the NaOH system and Sr EXAFS spectra collected to determine the bonding environment. Figure  4 shows the Sr EXAFS spectra and the Fourier transforms with their associated fits for the goethite system. The fit parameters for the shell by shell fits are shown in Table 3 . Figure 4a shows the spectra obtained for Sr sorption to goethite in a background of 10 -5 mol L -1 (pH 7.7). Here the best modeled fit was obtained with a single O shell at 2.6 Å. The spectrum for Sr sorption to goethite in 10 -1 mol L -1 NaOH is shown in Figure 4b . In this case, an O shell at 2.6 Å and a Fe shell at 3.6 Å provided the simplest best fit to the spectra (Figure 4b ). Evidence from the Fourier transform supports a second Fe shell at 4.5 Å; however, the addition of this backscatterer did not significantly improve the overall fit validity (Table 3) . Finally, for the 10 -1 NaOH background (pH 13.7 the best fit was given by an O shell at 2.6 Å and single Fe shell at 3.6 Å (Figure 4c ). There was no evidence of a second Fe shell. Fe 3.5 3.563 0.027 a n, shell occupancy (±25%); r, interatomic distance (±0.02 Å for first shell and ±0.05 Å for subsequent shells); 2 2 , Debye-Waller factor (±25%); R, least squared residual. Final accepted (and plotted) fits are marked with an asterisk (*).
Finally, Sr K-edge EXAFS were gathered for the 10 -1 mol L -1 (pH 13) and 1 mol L -1 (pH 13.8) sediment samples. The EXAFS spectra and associated Fourier transforms are shown in Figure 5 . In both cases, a single and double shell fit were tried. For the 10 -1 mol L -1 sample, a single oxygen shell was fitted at 2.6 Å with a resulting Debye-Waller factor of 0.031. In this sample, the addition of a Si/Al shell at 3.8 Å significantly improved the overall fit quality; it is this final two-shell fit which is displayed in Figure 5a . The fit parameters for both the oneshell and two-shell fit are shown in Table 4 . Again, in the case of the 1 mol L -1 sediment sample (Figure 5b ), the best fit was obtained with two shells. An oxygen shell was fitted at 2.6 Å and a Si/Al shell, again at 3.8 Å. Again, in this case, the addition of a Si/Al shell significantly improved the overall fit (Table 4 ). 
Discussion
4.1Effect of pH on Sr Sorption
The solution sorption data (Figure 1) indicates that in a NaCl solution at a slightly alkaline pH Sr sorbs through formation of outer-sphere surface complexes on all minerals. In this system, both the Na + and Sr 2+ ions are competing for the same charged surface sites on all the minerals. The sorption is nonselective and controlled only by equilibrium reactions of both ions between the surface and solution. These can be expressed as the following half reactions for both the clay minerals:
(1) (2) (3)Here, S is the permanently charged surface site and ··· denotes an electrostatic bond. Specifically, for the clays (illite and chlorite), these are negatively charged areas of the basal plane surface which have a net negative charge due to isomorphic substitutions within the aluminosilicate lattice. Unlike the clay minerals goethite does not possess any permanent charge sites. Instead its surface charge is pH dependent, and protonates or deprotonates according the solution pH, yielding negatively charged OH groups above the point of zero charge (PZC; pH 7.5). (38) The cations are then attracted to form outer-sphere complexes.
(4) (5)Each site carries a single charge; therefore, when Sr 2+ sorbs, either the net negative charge on the hydrated ion is balanced by two charged sites on the surface (eqs 1 and 4) or it remains with one net positive charge which is distributed among its waters of hydration (eq 2). Na + is charged balanced by a single negatively charged site (eqs 3 and 5). As all these interactions are outer-sphere, the ions remain hydrated and the concentrations of each ion on the surface is governed solely by the law of mass action in competition with each other as below:
(6) (7) When the ionic strength of Na in solution increases, the equilibrium reaction is shifted to increase Na sorption to the mineral surface. Therefore, Na out-competes Sr and the total Sr surface concentration decreases (resulting in a decrease in % sorption). However, in the NaOH system, the increasing concentration of Na is accompanied by an increase in the solution pH. Here, as the Na concentration increases, it does not compete with Sr and the Sr sorption remains as high as in the low ionic strength experiments, indicating the formation of a specifically sorbed inner-sphere surface complex. This phenomenon was observed in all the mineral systems, indicating that it is likely to be caused by the chemistry of the solution, rather than any nature of the sorption site. Although previous authors have showed the formation of the Sr-zeolite type phase under these high pH conditions the bond distances and occupancies they proposed are quite different from those found in the current study(39-41) (see the Supporting Information). This further supports that the Sr is still sorbing to the surface rather than forming any new precipitate. This is likely due to the short time period of the experiments (see Introduction). 4.2EXAFS Analysis of Sr Sorption at High pH The specific sorption of Sr onto the minerals at high pH suggests there was a change in the sorption mechanism and that Sr was no longer sorbing in an outer-sphere complex in competition with Na. To investigate this, EXAFS spectra were collected for Sr across the pH range and onto each of the three minerals (and the mixed sediment). The measured EXAFS spectra and Fourier transforms for the four mineral systems are shown in Figures 2-5 , and the EXAFS fit parameters in Tables 1-4. The first thing that is apparent from the fits is that below pH 12.5-13 the Sr is sorbing to all the minerals with a single oxygen shell. This is identical to the solution species(9, 39) and indicative of the formation an outer-sphere surface complex, as was seen in the NaCl system (above). Strontium held in these outer-sphere complexes is in thermodynamic equilibrium with the solution and any competing ions in solution. This therefore explains why increasing ionic strength (in the NaCl system) at this moderate pH led to a reduction in strontium sorption. This process of outer-sphere sorption has been widely observed and discussed by other authors and is thought to account for Sr mobility in the environment.(3, 5, 7)
The novelty of this current study becomes apparent in those EXAFS spectra obtained from Sr sorbed at extremely high pH and ionic strength. Here the sorption mechanism for Sr changes from showing a single oxygen shell to multiple coordination shells. These multiple shells are indicative of the formation of an inner-sphere complex. (19, 25) This change in sorption mechanism was seen in all three of the mineral systems, however the nature of the surface site was noticeably different. First, Sr showed two distinct inner-sphere sorption environments on illite at pH 13 ( Figure  2c ) and pH 14 (Figure 2d) . Specifically, at pH 13, the best fit for the EXAFS was obtained with both an oxygen shell at 2.6 Å and Si (Al) shell at 3.3 Å. Although the improvement in fit by adding a second shell was quite small ( 9%) compared to the one shell model (Table 1) . The percentage sorption in the pH 13 NaOH experiment is greater ( 80% versus 40%) than the NaCl experiment (pH 9) at the same ionic strength (Figure 1a) , indicating ion-specific adsorption of Sr at this pH. Therefore, including the possibility of inner sphere sorption must be considered even though the EXAFS evidence for an inner sphere coordination environment is weak. This is consistent with the inner-sphere surface complex observed by Wallace et al.(24) for Sr adsorption to a mixed sediment from a KOH dominated high pH solution. Therefore, it is proposed that the high pH of this system has altered the sorption mechanism of Sr. Rather than sorbing via cation exchange, it has become specifically adsorbed to the surface. At pH 14, the EXAFS data shows that Sr is sorbed to illite via a different incorporation mechanism. The EXAFS spectrum collected from this sample ( Figure  2d ) was best fitted by three coordination shells, specifically a shell of 12 oxygens at 2.7 Å, a Si/Al shell at 3.4 Å and an additional K shell at 5.0 Å. Based on the crystallographic structure of illite the only place where strontium could be held in this coordination environment is within the illite interlayer. Here the Sr is surrounded by 6 O atoms from each tetrahedral layer on either side of the interlayer, giving a total of 12. The lengthening of the Sr-O distance from 2.6 Å, as seen in all other fits, to 2.7 Å, is indicative of the fact that the Sr was incorporated, rather than sorbed. The 12 Si/Al atoms at 3.4 Å result from the tetrahedral layers (6 from each sheet). This high coordination number is not possible if the Sr was simply adsorbed on the surface or the edge. Finally, the coordinating atoms at 5 Å were shown to be best fit to K rather than Sr, indicating incorporation into the interlayer. Therefore, in this system, Sr is becoming incorporated into the interlayer structure of the illite mineral. This mechanism has been previously observed for monovalent alkali ions (such as K and Cs)(1, 21, 42-44) but was not previously known to occur for divalent alkaline-earths. It has previously been thought that the large hydration energy of the alkaline earths (such as Sr 2+ and Ca 2+ ) meant they would only enter into the interlayer while remaining hydrated in outersphere complexes (as was seen at pH 9; Figure 2a ).(45-47) However, this new result indicates that at high pH Sr can shed its hydration shell and become incorporated into the illite interlayer. The EXAFS spectra indicated that Sr sorption to chlorite showed a very similar trend to illite. This is understandable as they are both aluminosilicate clay minerals. Again, at pH 12.9 (Figure 3d) , the inclusion of a Si/Al shell at 3.7 Å significantly improved the model fit. This coordination environment was best described by the same inner-sphere surface complex. This same two shell fit also proved the best fit for Sr sorbed to chlorite at pH 13.8 (Figure 3e ). This difference from the illite system is due to the mineralogical variation between illite and chlorite. Chlorite does not have an ion filled interlayer, but instead has its 2:1 layers separated by a brucite-like layer.(48, 49) Therefore, the interlayer incorporation of Sr seen in illite at pH 14 was not possible as these sorption sites are not present on chlorite. Therefore, the Sr was likely sorbing via inner-sphere surface complexation onto the basal surface, or at the edge of the interlayer. This ion-specific incorporation again explains why the Sr sorption percentage was so high, even in a high ionic strength background solution. The goethite system showed a change in the sorption coordination environment at both pH 12.6 and 14 (Figure 4c and d) . At pH 12.6, the Sr is coordinated by a double Fe shell (at 2.9 and 3.3 Å), indicative of an inner-sphere complex. This is not present at pH 7.7 where Sr is present in an outer-sphere complex. At pH 14, the Sr again appears to be coordinated in an inner-sphere complex but with a single close Fe shell (at 3.6 Å). This suggests that the Sr is forming an alternative inner-sphere complex at a different reactive site on the goethite surface to that formed at pH 12.6. This inner-sphere surface complexation on goethite was previously observed by Collins et al.(25) at pH 10.2 but fitted by a single Fe shell at 4.3 Å. Therefore, it appears that the Sr atom migrates into a closer complex as the pH of the background solution increases. Finally, the coordination environment of Sr onto sediment at hyper-alkaline pH was tested as a real world analogue. The sediment investigated was the same as that used by Wallace et al.(24) and is analogous to that underlying the UK Sellafield site. Although the sediment is known to contain all the minerals investigated here, (29, 30, 50) chlorite dominates the reactive surface area. (24) The EXAFS spectra for the pH 13 and 14 samples ( Figure 5) show that in both cases Sr was held in an inner-sphere surface complex coordinated by an O shell at 2.6 Å and a Si/Al shell at 3.8 Å. This most closely matches the bonding environment found for Sr on the surface of chlorite and therefore suggests that chlorite is the dominant phase controlling Sr sorption in these sediments (at hyper alkaline pH). 4.3Sorption mechanism All the experiments conducted here were performed at a pH range above the point of zero charge for all the minerals; specifically, the pH PZC is 2.5 for illite, 3 for chlorite,(51) and around 7.5 for goethite.(38) However, as the pH of the system increases, the amphoteric sites on the surface will become increasingly deprotonated, making the surface more negative and allowing the possibility of direct bonding to the deprotonated surface oxygens. It has already been shown from the illite EXAFS that at hyperalkaline pH Sr appears to behave as a monovalent rather than a divalent cation. Strontium is known to exist in the aqueous phase as two species. The divalent Sr 2+ ion is dominant under most pH conditions. However, at hyperalkaline pH, Sr is known to form the monovalent SrOH + species in solution.(52) This presence of SrOH + as the dominant species in solution could offer a mechanistic explanation for the formation of inner-sphere surface complexes in these hyperalkaline systems. Specifically, it is likely that the following complexes are forming on each mineral phase (8)where S is the basal surface of the both illite and chlorite. This is the likely dominant complex at pH 12-13 on these minerals and (9)where E are the hanging hydroxyl groups at the edge of the chlorite lattice. This is the likely inner-sphere sorption site seen in the chlorite system. This same sorption site may also be occurring in the pH 13 illite system. However, it is impossible to differentiate the exact location of the inner-sphere complex. In the goethite, the SrOH + is likely sorbing onto the surface hydroxyls, yielding (10)These inner-sphere complexes on the amphoteric edge and goethite surface sites can only form when those sites are fully deprotonated at very high pH, explaining their existence in the highest pH treatment only. Finally, in the case of the illite interlayer, the following structure likely exists (11)Here the monovalent SrOH + is able to exchange with the movovalent K + ion in the interlayer, yielding a S-O-Sr bond where S is the Si/Al tetrahedra. If the other alkali-earth ions show the same solution speciation behavior, it is possible that they would also sorb via the same mechanism as Sr. To test this hypothesis, PHREEQC was used to model the speciation of four important alkaline earth ions, namely, Ca, Sr, Ba, and Ra. Sr was chosen as it is investigated in this study. The decision was taken to also investigate Ca, Ba, and Ra, as these are important elements that are relevant to the disposal of nuclear wastes (Ca is the dominant ion in many types of cement leachate; Ra is an important long-lived radionuclide; and Ba is often used as an analogue for Ra).(16, 53) The modeling results ( Figure 6 ) showed that Ca, Sr, and Ba all formed a hydroxide species within the pH range investigated, but that Ra was only present as Ra 2+ . However, the pH at which the hydroxyl species became dominant varied between the different elements. Strontium began to speciate as SrOH + above pH 11.5 and became the dominant solution species above pH 13.7 (Figure 6b ). The EXAFS investigations showed that the inner-sphere complexes did not form at pHs below 11 (e.g., Figure 2c ) but were readily apparent above 12.5. This strongly suggests that the speciation of Sr from a 2+ to a 1+ cation allows it to form inner-sphere surface complexes. All of the tested minerals have hydroxyl groups present on their surfaces. Therefore, at elevated pH, the Sr is potentially sorbing into inner sphere complexes via ligand exchange of its aqueous OH -group for the OH -present on the surface of the minerals.
Interestingly, the SrOH + is only incorporated into illite when it is the dominant solution species. It has been widely reported that Cs + and other monovalent alkali cations are selectively incorporated into inner-sphere complexes in the illite interlayer. (43, 54, 55) Cs is known to be selectively retained in this interlayer site.(44) Therefore, it would be valuable to investigate whether, once incorporated, Sr was also retained in the illite interlayer across a range of pH and IS conditions. 
4.4Implications for Radionuclide Behavior
The conclusion that it is the speciation of Sr into the SrOH + species that is responsible for its inner-sphere incorporation and retention has important implications for the behavior of the other ions modeled. Both Ca and Ra are expected to be present in solutions at cementitious geological disposal facilities for radioactive waste. Radium, as a long-lived radionuclide, is present in the waste and Ca is abundant when leached from the cementitious backfill. The interaction of this backfill with groundwater is expected to yield high pH high ionic strength solution, known as young cement water.(16, 24) Therefore, it is essential to understand the sorption behavior of these important elements in high pH and IS environments. Due to the high radiotoxicity of Ra, Ba is often used as a inactive analogue in experiments. (56) The modeling results (Figure 6) show two important points. First, in this high pH and high IS environment, the CaOH + species will dominate. EXAFS data reported here has shown that (for SrOH + ) these monovalent hydroxyl species can sorb in inner-sphere complexes. If CaOH + can form inner-sphere complexes in the same way as SrOH + , significant concentrations of Ca may be sorbed onto mineral surfaces at high pH. This would reduce the total concentration of Ca in solution. Current predictions of radionuclide migration assume a given concentration of Ca.(57, 58) These results show that sorption of CaOH + may reduce the total solution concentration and may have implications for precipitation of U and Ra bearing carbonate phases.(56, 57) Second the modeling shows that while Ba forms a BaOH + species, which may also sorb via inner-sphere complexation; Ra remains as Ra 2+ which would only be bound via cation exchange. Therefore, the sorption of Ba in high IS, high pH systems may be greater than for Ra. Analogue experiments using Ba may therefore underestimate the concentration of Ra remaining mobile in the aqueous phase.

Conclusions
Here it has been shown from batch sorption experiments and EXAFS spectroscopy that under conditions of high ionic strength and high pH, Sr is selectively retained on charged surfaces of minerals. Under low pH conditions, Sr speciates as the divalent Sr 2+ cation which sorbs in outer-sphere complexes. This occurs in competition with other monovalent and divalent cations and is strongly controlled by solution ionic strength with Sr sorption reducing with increasing ionic strength. At high pH, however, the monovalent SrOH + ion dominates in solution. This Sr species adsorbs via inner-sphere surface complexation and allows the retention of Sr on charged surface sites even when high concentrations of competing ions are present.
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